Six plant spacings (3 x 3 m, 3 xl,S m, 2 x 2 m, 2 x 1 m, 1 x 1 m, 1 x 0,5 m) were evaluated for their effect on aboveground and subterranean growth, dry matter partitioning and dry matter composition of different plant parts of vertically trellised Vitis vini/era L. cv. Pinot noir vines grafted onto rootstock 99 Richter. The vines were pruned to six buds/m 2 soil surface area and supplementary irrigated just after pea berry size and veraison stages. Root distribution was studied by using the profile wall method and by excavating the whole plant. Apparently higher bulk densities occurred in the top soil layers of closer spacings. In the case of fine « 0,5 mm), extension (0,5 -2 mm) and permanent (2 -5 mm) roots, closer spaced vines significantly compensated in terms of root number per profile wall area. Higher root densities occurred with closer spacing. Aboveground and subterranean growth of the closerspaced vines were reduced; a distinction between in-row spacings of 1,5 m and wider and those 1 m and narrower occurred. Aboveground and subterranean growth were positively related. The angle of root penetration and size of the root system increased with wider spacing. The spread of the root system was apparently not affected by either inter-row or in-row spacing. The majority of roots were located within the allocated in-row distance. Cane and root mass and total vine dry mass per m 2 soil surface indicated optimum utilisation of soil volume for medium-spaced vines (2 x 2 m, 2 x 1 m). Evidently higher starch concentrations occurred in the cordons, trunks and roots of widerspaced vines. Roots contained the highest starch concentrations, followed by the trunk, cordon, canes and rootstock trunk. Starch contents of aboveground and subterranean plant parts were similar. The ratio of aboveground:subterranean starch content was, however, lower for closely spaced vines.
Although the selection of a particular plant spacing on a given locality is one of the most important long-term decisions in the cultivation of grapevines and is critical for sustained productivity, this aspect of grapevine cultivation has been extensively studied during recent years by only a few investigators (Shaulis, 1980; Archer & Strauss, 1990; Bandinelli, Cesari & Di Collalto, 1993; Reynolds, Wardle & Naylor, 1995; Valenti, Tonni & Cisani, 1996) . Furthermore, in spite of the pronounced effect of the root system on plant performance (Van Zyl, 1988; Hunter & Le Roux, 1992; Hunter et al., 1995) , knowledge of the effect of plant spacing on root development and distribution is limited. Except for earlier classical studies and others quoted by Champagnol (1984) , later comprehensive studies dealt with three-year-old (Archer & Strauss, 1985) , six-year-old (Bandinelli et al., 1993; Kliewer, Benz & Morano, 1996) and nine-year-old (Morlat, Remone & Pinet, 1984) vines. Long-term effects, dry matter partitioning, reserve nutrient status of the different plant parts, and the very important concept of land utilisation, have all been neglected to a great extent III previous investigations on plant spacing of grapevines.
Prior to planting, vine spacing is dictated by the soil's physical and chemical properties, which determine water-holding capacity as well as efficient root development and distribution for the supply of water, minerals and growth regulators to aboveground parts (Richards, 1983 and references therein). The yielding capacity of the soil can be greatly increased by e.g. soil management practices such as ridging, liming and irrigation (Raath & Saayman, 1995) as well as judicious nitrogen fertilisation, which all impact directly on growth and fruit composition (Conradie, 1991; Christensen et al., 1994) . However, the physical confinement of the root system and the change in soil yielding capacity created by different spacing of vines will undoubtedly affect distribution as well as the morphological and biochemical composition of the root system, eventually affecting the performance of the whole vine. It is quite conceivable that the constraint induced 26 Plant Spacing Effects on Root Growth by this would affect the accumulation of storage tissue reserve compounds, notably starch, which has been identified as the main reserve compound (Winkler & Williams, 1945) .
In this study, soil characteristics, aboveground and subterranean growth, as well as dry matter partitioning and composition, were quantified in order to determine the response of a mature, supplementary irrigated Vitis vinifera L. cv. Pinot noir/99 Richter vineyard to different plant spacings on a mediumpotential soil.
MATERIALS AND METHODS
Vineyard and treatments: A 14-year-old Vitis vinifera L. cv. Pinot noir (clone BKV)/99 Richter (clone RY 1/30/1) vineyard planted to six different spacings was investigated. The soil was classified as a medium-potential Glenrosa (Soil Classification Working Group, 1991) developed from Malmesbury Shale. Vines were spaced (inter-row/in-row) 3,0 x 3,0 m, 3,0 x 1,5 m, 2,0 x 2,0 m, 2,0 x 1,0 m, 1,0 x 1,0 m, and 1,0 x 0,5 m, representing 1 111, 2 222, 2 500, 5 000, 10000, and 20 000 vines/ha, respectively. They were trained to a five-strand hedge and spur pruned to six buds/m2 soil surface area. Canopy management practices, namely suckering (removal of all shoots not located on spurs at 30 cm shoot length) and shoot positioning (twice during the season) were applied, whereas all shoots growing in excess of 30 cm above the top wire were topped just after pea size stage. Over the last five years of the experiment, supplementary irrigation of 50 mm was applied just after pea size and veraison stages, respectively. Vines were previously grown under dryland conditions (Archer & Strauss, 1985) .
Soil conditions: Before planting, the soil was deep delved in two directions to a depth of 1 m using a wing plough. In autumn a cover crop (rye) was sowed between the rows and killed with a herbicide before bud break. The soil's physical characteristics were determined according to standard ARC-Nietvoorbij methods in three layers, i.e. 0 -30 cm, 30 -60 cm, and 60 -90 cm. Bulk density was determined in 0 -30 cm and 30 -60 cm soil layers. Soil-borne pests (phylloxera, margarodes, nematodes) were quantified according to methods described by De Klerk (1970 Klerk ( , 1978 and Loubser (1985) .
Aboveground and subterranean growth, dry matter partitioning: Measurements included cane mass, cordon mass, trunk mass and circumference, rootstock trunk mass and circumference, root mass and root distribution. The latter was determined by using two methods: the profile wall method of Bohm (1979) as modified by Hunter & Le Roux (1992) , and whole root system excavation.
The profile wall method consisted of the digging of a trench of approximately 1,4 m deep parallel to the vine row and 30 cm from the vine trunk. After exposure of the roots, a 20 x 20 cm grid system was set up against the profile wall. The width of the grid system extended to the centre between two adjacent vines. Roots were plotted in six soil layers (0 -20 cm, 20 -40 cm, 40 -60 cm, 60 -80 cm, 80 -100 cm, 100 -120 cm depth) and in five root thickness classes « 0,5 mm, 0,5 -2 mm, 2 -5 mm, 5 -10 mm, > 10 mm). They were categorised according to Richards (1983) as fine « 0,5 mm), extension (0,5 -2 mm), permanent ( 2 -5 mm) and framework ( 5 -10 mm and> 10 mm) roots. Cane, cordon, trunk, rootstock trunk, and root samples were taken from these vines for chemical analyses (vid. "dry matter composition").
For the excavation of the whole root system, trenches were dug outside the surface area allocated per vine, whereafter the roots were carefully exposed up to a depth of 1,2 m by using pegs and water jets. The intact plant was then photographed. After removal of the whole vine, the original spatial distribution of the intact root system was recreated and the plants again photographed (with wide-angle lens from a fixed position) to determine the size of the plants as well as horizontal and vertical distribution of the roots. The excavated plants were also used to determine total dry mass of canes, cordon, trunk, rootstock trunk and roots (dry matter partitioning) as well as trunk and rootstock trunk circumference. Circumference of the rootstock trunk was measured in one position, whereas that of the trunk was measured in three positions (top, middle, bottom) ; means are presented.
Dry matter composition: Starch, glucose and fructose were extracted from freeze-dried cane, cordon, trunk, rootstock trunk and root samples as described by Hunter et ai. (1995) . Starch was determined enzymatically (Hunter et ai., 1995) , whereas glucose and fructose were analysed by HPLC, using the equipment and conditions described by Hunter, Visser & De Villiers (1991) .
Experimental design and statistical analyses: The full experimental layout consisted of completely randomised treatments and replicates (five) allowing a minimum of 33 and a maximum of 48 vines per replicate. To eliminate side-effects, border rows were included. The root study was done during the winter of 1995 on three of the above replicates per treatment. One vine per replicate was used for each of the profile wall and whole root system excavation studies. Student's t-LSD was used to test for significant differences.
RESULTS AND DISCUSSION
Soil conditions: The numbers of soil-borne pests were insignificant and did not affect grapevine health (data not shown). A general increase in clay and silt and a decrease in sand content with an increase in depth were found (Table 1) . The soil compaction index (measured as bulk density) exceeded the critical value of 1,5 g/cm3, beyond which root penetration is believed to decline (Richards, 1983) (Fig. 1) . Apparently higher bulk densities in the top soil layers (0 -30 cm, 30 -60 cm) of closer spacings indicate higher soil compaction between the rows, probably because movement was confined to a small surface area between the rows. As these zones are normally highly colonised by roots ( Fig. 2 ) (cf. also Hunter et ai., 1995 and references therein) , root development and distribution of closer spacings may have been impeded. Root penetration is, however, also affected by water potential of the soil as well as size and rigidity of soil pores (soil porosity) (Richards, 1983) . As shown before, soil water potential may have pronounced effects on the performance of grapevines planted to different spacings (Archer & Strauss, 1985 , 1990 . Values represent the means of five replications. Aboveground and subterranean growth, dry matter partitioning: Given the in-row distance, it is evident that closerspaced vines in the case of fine, extension and permanent roots significantly compensated in terms of root number per profile wall area, resulting in higher root densities (Table 2) . Although close relationships between cane mass and root density were previously found for various rootstocks under different cultivation practices (Swanepoel & Southey, 1989; Hunter et aI., 1995 and references therein) , cane mass (Table 3) was negatively related to root density/m 2 profile wall (Table 2) in this study. Therefore, although root density is recognised as an important indicator of grapevine performance (Freeman, 1983; Richards, 1983) , this parameter cannot solely be used to predict aboveground growth under the restrictive soil volumes of different planting densities. Nevertheless, despite the lower total number of roots per profile wall ( Table 2) , occurrence of higher densities of particularly fine « 0,5 mm) and extension «0,5 -2 mm) roots in the soil volumes of closer-spaced vines (Table 2) (cf. also Archer & Strauss, 1985; Band~nelli et al., 1993) could have contributed to sustained and even increased performance of these vines on a m 2 soil surface basis, as is evident from Table 3 and Fig. 3 . The presence of rapidly growing fine and extension roots would not only increase the absorptive capacity and activity of the root system and allow more efficient utilisation of water and nutrients from the soil, but also enhance the production of growth regulators (particularly cytokinin) involved in the regulation of shoot and fruit development (Freeman, 1983; Richards, 1983) .
Considering dry mass of all aboveground and subterranean vegetative parts of the vine, the closer-spaced vines consistently displayed lower values ( were distinctly different, indicating a dominating effect of in-row spacing on growth. Positive relationships between aboveground and subterranean growth were found and were apparently not changed by plant spacing. Although maximum and minimum values were found for closely versus widely spaced vines, cane and root mass (Table 3 ) and total vine dry mass (Fig. 3) on a m2 soil surface basis showed that optimum utilisation of available soil volume occurred for medium-spaced vines (2 x 2 m, 2 x 1 m), i.e. a stabilisation in performance was observed at medium spacing.
Regardless of plant spacing, roots were predominantly located in the 0 -80/100 cm soil zone (data not shown). This is in agreement with previous findings under different conditions of cultivation (Van Zyl, 1988; Swanepoel & Southey, 1989; Hunter & Le Roux, 1992; Hunter et ai., 1995) . The formation and vertical penetration of roots in different soil layers are probably affected by genetic factors, depth of soil preparation, irrigation practices and soil structure.
The angle of root penetration as well as size of the root system progressively increased the wider the plant spacing (Figs. 4a & 4b) . This was also found by Archer & Strauss (1985) and is evidence of the physical constraint caused by the root systems of adjacent vines, particularly under conditions of narrow spacing. It is, however, noticable that neither inter-row nor in-row spacing had any obvious directional bearing on the horizontal distribution of roots, i.e. roots were approximately equally distributed in all directions. In the case of narrow-and medium-spaced vines, roots penetrated slightly beyond the in-row distance per vine. However, roots of 3 x 3 m and 3 x 1,5 m spaced vines penetrated well short of and well beyond the allocated in-row space, respectively. In spite of this, the great majority of the roots were still located within the available in-row space, which is further evidence of the restrictive effect of in-row spacing on growth.
Dry matter composition: Wider-spaced vines apparently contained higher starch concentrations in the cordons, trunks (Table 4 ) and roots (Table 5) , which may indicate that these vines were subjected to a lower degree of plant stress during the growth season. It has been found that stored starch can be mobilised from perennial parts of the plant under stress conditions (Candolfi-Vasconcelos, Candolfi & Koblet, 1994) . Irrespective of size, roots contained the highest starch concentrations, followed in general by the trunk, cordon, canes and rootstock trunk, the latter two having almost identical concentrations. Furthermore, considering total starch content of each aboveground part versus that of the total root system, it is evident that the root system is the main starch storer. In line with previous findings (Hunter et ai., 1995) , extension (0,5 -2 mm) and permanent roots (2 -5 mm) contained the highest starch concentrations. It is interesting to note that the starch content of the vines was approximately equally distributed between aboveground (Table 4 ) and subterranean growth (Table 5 ). However, the ratio of aboveground: subterranean starch content was lower than one for closely spaced vines (l x 1 m, 1 x 0,5 m) (Table 5) , indicating a preference of closely spaced vines for aboveground sucrose export instead of transitory starch formation, i.e. the carbohydrate demand of aboveground growth was seemingly higher. This is also indicated by the apparently higher hexose (glucose, fructose) contents in aboveground growth of closer-spaced treatments.
• 3 X 3 m ~ 3 X 1.5 m D 2 X 2 m M 2 X 1 m Q 1 X 1 m IS] 1 X 0. Values in rows followed by the same letter do not differ significantly (p ~ 0,05).
